ABSTRACT Background: Higher intake of carbohydrates and high-glycemic index (high-GI) diets could lead to small vessel dysfunction. Objectives: We aimed to assess the associations between intakes of high-GI and high-glycemic load (high-GL) diets, carbohydrate, and the main carbohydrate-containing food groups and retinal microvascular changes in preadolescents. Design: Students aged 12 y (n = 2353) from a random cluster sample of 21 schools underwent detailed eye examinations. Retinal vessel caliber and fractal dimension were measured from digital retinal images. A validated semiquantitative food-frequency questionnaire was administered. Results: After multivariable adjustment, children who consumed soft drinks once or more per day had significantly narrower mean retinal arterioles (;1.9 lm) than did those who never or rarely consumed soft drinks (P-trend = 0.03). When the highest to lowest tertiles of carbohydrate consumption were compared, girls had significantly narrower retinal arterioles (;1.4 lm; P-trend = 0.03), and boys had wider venules (;2.3 lm; P-trend = 0.02). In girls only, a higher-GI diet was associated with narrower retinal arterioles (0.98-lm narrowing of retinal arteriolar caliber per SD increase in GI, P = 0.01). Carbohydrate intake and a high-GL diet were associated with greater retinal fractal dimension in girls (highest compared with lowest tertiles: P-trend = 0.003 and 0.01, respectively). Conclusions: Greater consumption of carbohydrates and soft drinks was associated with retinal arteriolar narrowing and venular widening. Because these microvascular signs have been shown to be markers of future cardiovascular disease risk, the presence of this risk factor in children could support the need for healthy dietary patterns that include lower consumption of high-GI foods and soft drinks.
INTRODUCTION
Carbohydrate nutrition has been a recent focus of research to increase understanding of its impact on health and disease. Dietary glycemic index (GI) 4 is a commonly used marker of the postprandial blood glucose response and is a measure of carbohydrate quality (1, 2) . Glycemic load (GL) is the product of a food's GI and total available carbohydrate content and represents both the quantity and quality of carbohydrates (3, 4) . Both dietary GI and GL have been proposed to contribute to the development of obesity (5) , diabetes, and cardiovascular disease (CVD) (6) . Moreover, specific aspects of carbohydrate quality, such as intakes of sugary foods and dietary fiber, have been implicated in obesity and in its comorbidities (7) . Increased consumption of soft drinks has also been linked to parallel increases in the prevalence of overweight and obesity in some (7) but not all (8) studies.
It has been hypothesized that a higher intake of carbohydrates and high-GI diets could lead to small vessel dysfunction, which is another important pathway for diabetes, stroke, and CVD (9, 10) . However, because the microcirculation is difficult to measure and quantify, there are few studies to date on its relation with carbohydrate nutrition and GI.
The microvasculature of the retina is a vascular bed that can be easily viewed and noninvasively imaged (11) . Retinal vascular caliber (narrower retinal arteriolar caliber and wider venular caliber are considered less healthy) is a measure of retinal microvascular health and has been associated with incident hypertension and CVD (12, 13) . Information regarding the branching pattern or density of the retinal microvascular network can be best characterized by fractal analysis (14, 15) . Retinal fractal dimension is a single "global" measure of the branching pattern of retinal vessels as a whole and was earlier found to be associated with higher blood pressure (BP) (15) , acute lacunar stroke (16) , and coronary artery disease mortality (17) .
We previously showed in older adults aged 49 y that a high-GI diet is associated with wider retinal venular caliber (18) . However, to the best of our knowledge, no population-based study has examined the associations between carbohydrate nutrition variables and both the structure and branching pattern of the retinal microvascular network in children. We used a large community-based sample of children aged 12 y to examine associations between the dietary intakes of carbohydrates, sugars, and fiber, dietary GI, and dietary GL and changes in retinal vascular caliber and fractal dimension. In particular, we assessed the influence of soft drink (primarily sweetened with sucrose) and cordial (a sweet, flavored concentrated syrup that is mixed with water to taste) consumption and the principal carbohydrate-containing food groups (eg, breads and cereals) on the retinal microvasculature.
SUBJECTS AND METHODS

Study population
The Sydney Childhood Eye Study is a population-based survey of eye conditions in schoolchildren living within the Sydney Metropolitan Area, Australia. It was approved by the Human Research Ethics Committee, University of Sydney; the Department of Education and Training; and Catholic Education Office, New South Wales, Australia (19) . We obtained informed written consent from at least one parent of each child, as well as verbal assent from each child before the examinations. Study methods were previously described (19) . Briefly, all year 7 students (mean age: 12.7 y) in a stratified random cluster sample of 21 high schools across Sydney were eligible to participate. Stratification was based on socioeconomic status data from the Australian Bureau of Statistics and led to a proportional mix of public, private, or religious high schools. Data for the 12-y-old cohort were collected during 2004 and 2005.
Retinal photography and analysis
Children had dilated digital photographs taken of the optic disk and macula of both eyes using a Canon 60UVID10 fundus camera (Canon Inc). For this study, retinal vascular caliber measurements for the right eye of each child were used. Left-eye measurements were used when, occasionally, the photographs of the right eye were not gradable. One grader, masked to participant identity and characteristics, measured retinal vessel width by using a computer-assisted program with high reproducibility (20, 21) . The average retinal arteriolar or venular calibers were calculated by using the Knudtson-Hubbard formula (22) .
A new computer-based program, IRIS (International Retinal Imaging Software)-Fractal was used to perform fractal analysis and calculated fractal dimension by the box-counting approach (23, 24) , an established method used to quantify fractal dimension for structures that are not perfectly self-similar, such as the real-life retinal vasculature (15) . The reproducibility of measurements by IRIS-Fractal was high, with intra-and intergrader intraclass correlation coefficients ranging from 0.93 to 0.95 (15) .
Dietary data
Dietary data were collected by using a 120-item self-administered food-frequency questionnaire (FFQ), designed for specific use in Australian children and adolescents (25) . An allowance for seasonal variation of fruit and vegetables was made during analysis by weighting seasonal fruit and vegetables. The validity of the FFQ has been previously reported in children (25) . The deattenuated, energy-adjusted Pearson's correlation coefficient for carbohydrate and total sugars was 0.47 and 0.41, respectively, with 56% of carbohydrates and 58% of total sugars results ranked within one quintile when compared with weighed food records. Less than 5% of the results were grossly misclassified (ie, ranked highest by the FFQ method and lowest by the weighed food records method or vice versa).
FFQ items were translated into daily food and nutrient intakes by using a purpose-built query in Microsoft Access 2007, with NUTTAB2006 (national nutrient database) (26) as the source of nutrition composition. NUTTAB2006, however, does not provide the full range of nutrients of interest, and for these we used values from other nutrient databases (27, 28) . GI values were assigned to individual food items in the FFQ on the basis of previously published methods (29, 30) . The GL of each food item was calculated as the corresponding GI (as %) · amount (in g) of available carbohydrates in a serving of that food. The daily dietary GL of each subject was calculated as P GL, and the dietary GI was obtained by the equation (dietary GL/total available carbohydrate intake in the day) · 100%.
We also extracted data on the fiber contribution from vegetables, fruit, and bread and cereals and on the consumption of main carbohydrate-containing food groups: vegetables, potatoes, fruit, and breads and cereals [comprising breakfast cereals, bread (white or other), pasta, and rice]. Data on the frequency of soft drink (primarily sweetened with sucrose), cordial, and fruit juice consumption were also obtained from the FFQ.
Collection of other information
Parents were asked to complete a comprehensive 193-item questionnaire. Sociodemographic information covering ethnicity and country of birth was included.
The questions relating to physical activity comprised a list of 9 common activities in which school-aged children participate such as athletics, swimming, soccer, and so forth. Children selfreported the usual number of hours per week they spent in each of these activities and whether the activity was done outdoors or indoors (hall, gym, classroom). The time spent in each activity was summed, and the average hours per day spent were calculated separately for outdoor activities, indoor activities, and total activity time (ie, sum of outdoor and indoor activities).
Total screen time (h/d) was calculated as the time reported that was spent on the following activities: watching TV, playing video games, and using a computer for recreational and educational purposes.
Physical measurements were made on the school premises by trained medical officers using standardized protocols (19) . Each child's height was measured without shoes by using a freestanding SECA height rod (model 220; Seca Germany). Weight in kilograms was measured by using a standard portable weighing machine, after removal of any heavy clothing. BMI was calculated as weight divided by height squared (kg/m 2 ). After 5 min resting, BP was measured in a seated position by using an automated sphygmomanometer (HEM 907; Omron Health Care Inc) with an appropriate cuff size. Three separate BP measurements were taken, and averaged for analysis. Mean arterial BP (MABP) was calculated as one-third of the systolic BP plus two-thirds of the diastolic BP.
A Canon autorefractor (model RK-F1; Canon Inc) was used to perform cycloplegic autorefraction and keratometry. Children also had a comprehensive eye examination, which included mydriatic digital retinal photography.
Axial length was measured before cycloplegic refraction with an optical biometer (IOLMaster; Carl Zeiss Meditec) by using dual-beam partial coherence interferometry (31) . The average of 5 measurements was used for analysis.
Statistical analysis
Statistical analyses were performed by using SAS (version 9.1; SAS Institute). We analyzed the dietary variables as categorical (in tertiles) and as continuous (per SD increase) variables. Linear regression models were used to estimate the slopes (magnitudes) of possible linear relations between the dietary variables and retinal vascular caliber. Adjusted means were compared across levels of nutrient consumption. For retinal vascular caliber, we constructed multivariable linear regression models with adjustment for age, sex, ethnicity, axial length of the eyeball, BMI, MABP, and fellow vessel caliber (ie, venular caliber adjusted in model for arteriolar caliber and arteriolar caliber adjusted in model for venular caliber). For retinal fractal dimension, adjustments were made for age, sex, ethnicity, refractive error, BMI, MABP, and retinal arteriolar caliber. We also further adjusted for total physical activity (composite of indoor and outdoor activity) and screen viewing time (this variable includes TV viewing, computer, and video game usage) in the final statistical models to exclude possible confounding effect of these variables, because they were previously found to be associated with retinal vascular caliber in 6-y-old children (32) .
After multivariable adjustment, linear regression analyses indicated interactions between sex and the associations of carbohydrates (P-interaction = 0.01) with retinal venular caliber, and dietary GI (P-interaction = 0.01) or total sugars (P-interaction = 0.03) with retinal arteriolar caliber. Subsequent analyses of carbohydrate nutrition variables were therefore stratified by sex. However, there were no interactions between sex and the main carbohydrate-containing food groups (eg, consumption of vegetables, fruit, breads and cereals, soft drinks, cordials, and fruit juices in the associations with the retinal vasculature). Hence, data from girls and boys were pooled for all analyses with these food groups.
The variables of dietary GI, dietary GL, carbohydrates, sugar, and fiber were adjusted for total energy intake by using the residual method (33) . Intakes of principal carbohydrate-containing food groups (eg, breads and cereals) were energy adjusted by using the energy partition model, that is, consumption was adjusted for the energy intake from all other foods (33) .
RESULTS
Of the 2353 children examined, 2002 completed the FFQ, and of these, 87 subjects were excluded on the basis of extreme energy and/or nutrient intakes. A further 60 subjects without gradable retinal photographs were excluded, which left 1855 for analyses. As shown in Table 1 , girls were more likely than boys to have a higher BMI, higher diastolic BP, and greater consumption of vegetables and fruit but lower consumption of soft drinks (less than once a week or never/rarely). Conversely, boys were more likely than girls to be older, to be white, and to have a higher dietary intake of carbohydrates and total sugars (Table 1) .
Associations between the main carbohydrate-containing food groups and retinal vascular caliber in boys and girls
In 12-y-old children, greater frequency of soft drink consumption was associated with significant narrowing (;1.9 lm) of retinal arterioles, after multivariable adjustment (P-trend = 0.03; Table 2 ). Greater consumption of cordials was also associated with significant narrowing, ;1.8 lm (P-trend = 0.002). Nonsignificant associations were observed between the other main carbohydrate-containing food groups (eg, breads and cereals, vegetables, potatoes, and fruit) and retinal vascular caliber (data not shown).
After further adjustment for total physical activity and screen viewing time (including TV viewing, computer, and video game usage), the observed association remained largely unchanged. Physical activity and screen viewing time were nonsignificant in the multivariable-adjusted models and hence were not included in the final, most parsimonious model.
Associations between carbohydrate nutrition and retinal vessel caliber in girls only
As shown in Table 3 , in girls, significant narrowing of mean retinal arteriolar caliber (;1.4 lm) was observed with increasing consumption of carbohydrates (P-trend = 0.03). With respect to mean dietary GI and GL, girls in the highest compared with the lowest tertile of dietary GI had narrower mean retinal arteriolar caliber (P-trend = 0.03; Table 4 ). In girls, each 1-SD (1 SD = 3.4) increase in dietary GI was associated with an average 0.98-lm narrowing of retinal arteriolar caliber (multivariableadjusted P = 0.01) and an average 1.68-lm widening of retinal venular caliber (multivariable-adjusted P = 0.002).
Associations between carbohydrate nutrition and retinal vessel caliber in boys only
Boys who consumed the highest amount of carbohydrates (in the highest tertile) had a 2.3-lm wider mean retinal venular caliber than did boys in the lowest tertile (P-trend = 0.02; Table  5 ). Boys in the highest tertile of total sugar intake had significantly narrower mean retinal arteriolar caliber (P-trend = 0.04). Significant associations were not observed between other dietary variables and retinal vessel diameter in boys (data not shown).
Associations between carbohydrate nutrition and retinal fractal dimension
In girls, increasing consumption of carbohydrates and total sugars and a higher dietary GL (highest compared with lowest tertile) was associated with a greater retinal fractal dimension (P-trend = 0.003, 0.02, and 0.01, respectively, after multivariable adjustment; Table 6 ). Significant associations were not observed between retinal fractal dimension with the other dietary variables or in boys (data not shown).
DISCUSSION
To the best of our knowledge, the link between carbohydrate nutrition and subtle changes in both the retinal vascular structure and branching pattern in children has not previously been documented. Our study shows that higher consumption of soft drinks and cordials among preadolescents was associated with narrower retinal arterioles. Higher dietary intake of carbohydrates was also associated with significant narrowing of retinal arterioles in girls and widening of retinal venules in boys. In girls, narrowing of retinal arteriolar caliber and widening of venular caliber were observed with increasing mean dietary GI. Greater consumption of carbohydrates and total sugars and a higher mean dietary GL were associated with higher retinal fractal dimension in girls only. These data highlight the potential importance of diet and early lifestyle choices influencing microcirculatory health, which is likely related to the risk of CVD in later life.
An independent link between soft drink and cordial consumption and retinal arteriolar narrowing has not previously been reported in adults or children. Because this is an epidemiologic study, we can only speculate on the potential mechanisms by which soft drink and cordial consumption might influence the retinal microvasculature. In Australia, the large majority of soft drinks are sweetened with sucrose derived from sugar cane and have GI values between 60 and 70 (34). The gas bubbles in carbonated soft drinks tend to increase the rate of gastric emptying and therefore the glycemic response (35) . Hence, high intake of soft drinks could lead to acute hyperglycemia, which impairs endothelium-dependent vasodilatation (36) , subsequently leading to microvascular dysfunction. Fruit juice consumption did not influence retinal vessel diameter. Fruit juice, however, tends to have a low GI (apple juice: ;40; orange juice: ;50) (34), and it is 1 P values were obtained by using t tests for continuous variables and chi-square analyses for categorical data.
2 Mean 6 SD (all such values). 3 Refers to axial length and spherical equivalent of the eye for which data were used throughout the analysis. 4 Includes breakfast cereals, bread (white or other), pasta, and rice. possible that the lower peak glucose concentration contributes to reduced "glucose toxicity," although this cannot be determined from the current study. Our results concur with those from a recent study (37) , which showed a nonsignificant trend toward endothelium-dependent vasodilatation after the consumption of fruit juice.
The different dietary pattern relations with arteriolar and venular calibers could represent different pathogenic pathways affecting retinal arterioles and venules (18) . Greater carbohydrate intake, particularly from high-GI foods, induces hyperglycemia and a greater insulin demand (38) . Hyperglycemia-induced oxidative stress could generate endogenous vasoconstrictors (39, 40) , and this could be the primary mechanism driving the association with retinal arteriolar caliber. However, measures of blood glucose and insulin were not collected in our study; as such, we cannot test this hypothesis.
The link between a high-GI diet and wider retinal venular caliber confirms our previous findings from a cohort study in older adults (18) . Underlying mechanisms for the observed dilatation of retinal venules with high-GI diets have yet to be clarified. Hyperglycemia and obesity, which are closely associated with a high-GI diet, have been shown to induce venular dilatation (41, 42) . Mild chronic inflammation has also been previously linked to wider retinal venules in adults (43) . There is also evidence of an independent association between dietary GI and inflammatory markers (eg, C-reactive protein) (44, 45) , and hence this represents another possible pathway underlying the relation of GI with retinal venular caliber.
We provided new data on the relation between diet and optimality of the retinal vascular network. A greater retinal fractal dimension as observed with increasing intake of carbohydrates and total sugars and a higher dietary GL suggests a more complex or dense retinal vascular branching network. Higher retinal fractal dimension is hypothesized to be a marker of ischemia (46) . A high-carbohydrate meal (possibly via hyperglycemia and hyperinsulinemia) was previously shown to result in a reduced ischemic threshold and in a greater ischemia magnitude in the postabsorptive phase (47); hence, this could potentially mediate the relation between carbohydrate nutrition and retinal fractal dimension. The clinical implications of increased fractal dimension in children are unclear. Suboptimal retinal vascular architecture as indicated by greater fractal dimension is thought to increase energy costs and reduce the efficiency of metabolic transport in the retinal microcirculatory system (48), thus making it more vulnerable to future damage from vascular risk factors (16) . Nevertheless, further large prospective studies in children are warranted to confirm the associations between dietary factors (including carbohydrates) with retinal microvascular branching patterns.
The sex-specific relevance of carbohydrate nutrition variables, specifically of dietary GI, in this study deserves further discussion. Previous studies have shown that CVD risk factors are more closely related to dietary GI in women than in men: for example, the inverse association between GI and HDL cholesterol was shown to be stronger in women than men (49) . In addition, women are thought to have greater susceptibility to developing small vessel disease than men, including coronary artery disease (50) .
We noted that the differences in retinal vessel diameter were relatively modest (;2-3% difference in arteriolar caliber across the range of dietary carbohydrate intakes). However, we and others have shown that even such small reductions in retinal arteriolar caliber can be associated with moderate changes in BP, eg, each 10-mm Hg increase in systolic BP was associated with a 1.1-lm reduction in arteriolar caliber (18, 51) . Therefore, these findings could have clinical relevance because structural alterations to the retinal vessels and suboptimal retinal vascular branching appear to be markers of subclinical CVD and predict future vascular events in adults (12, 13, 17) . Hence, encouragement of healthy lifestyle choices and nutritional patterns in children, such as adopting a low-GI diet and avoiding the consumption of soft drinks/cordials, could potentially prevent subclinical changes in the microvasculature and play a role in the long-term reduction of the risk of CVD morbidity and mortality. We caution, however, that a longitudinal follow-up of this and other childhood cohorts is necessary to both confirm and provide additional insights into the clinical significance of our observations.
The strengths of this study include its random cluster sample of a large number of representative preadolescent schoolchildren from the Sydney metropolitan region, its satisfactory response rate, and the use of standardized retinal vessel caliber measurement protocols. Moreover, these young, healthy children were largely free of known systemic cardiovascular diseases, and thus our findings are not likely to be subject to confounding effects of CVD risk factors. A limitation of this study is its crosssectional design, which does not permit causal inference from the observed associations. We also did not collect blood samples in our study; therefore, we do not have data on biomarkers of chronic disease (eg, blood lipid and glucose concentrations) and measures of inflammatory markers. Although the validity of the long FFQ tool has been previously reported (25) and performs moderately well for carbohydrate, its validity for GI has not been investigated.
In summary, in children and particularly in girls, a higher dietary intake of carbohydrates, specifically from high-GI/GL foods were associated with retinal vascular calibers (narrower arterioles, wider venules) and vascular branching architecture (increased retinal fractal dimension). Furthermore, greater consumption of soft drinks was associated with narrower retinal arterioles in preadolescents. Because these subtle retinal microvascular signs have been shown to be markers of future CVD risk, the presence of this risk factor in children could support the need for healthy dietary patterns that include less consumption of high-GI foods and soft drinks.
